This paper deals with the synthesis of electroless Ni-P-W coatings on mild steel substrate followed by furnace-annealing process. Corrosion behaviors of the coatings after heat treatments at various annealing temperatures are evaluated by potentiodynamic polarization test using 3.5% sodium chloride solution. The electrochemical parameters, that is, corrosion potential and corrosion current density, are optimized for maximum corrosion resistance using Taguchi-based grey relational analysis, considering four coating parameters, namely, concentration of nickel, concentration of reducing agent, concentration of tungsten, and annealing temperature as main design factors. The optimum combination of these four design factors is obtained from the analysis. The analysis of variance reveals that the concentration of tungsten source and annealing temperature play the most important role on the corrosion performance of the coating. Effects of the operating parameters on microstructures, in terms of porosity
Introduction
The performance and lifetime of engineering components can be enhanced by applying hard coating over the surface of the components, by allowing the mechanical properties of the substrate material to be maintained while protecting them against wear, friction, or corrosion. Basically the coating acts as a barrier to the substrate material by sealing it from the environment. Among the coating processes the electroless coating process is now widely accepted by the industries due to its simplicity and enhanced properties like improved friction, wear, and anticorrosive properties. The basic hypophosphite-reduced Ni-P and borohydridereduced Ni-B coating has proved its supremacy in providing improved hardness, corrosion, and wear resistance [1] [2] [3] [4] . The corrosion resistance of electroless Ni-P coating is excellent, moreover in some environments it is superior to that of pure nickel or chromium alloys due to the amorphous nature and passivity of the coating [5] . It is obvious that increasing of coating porosity decreases the corrosion resistance of the coating. The important factor that affects the coating porosity and ultimate resistance to corrosion attack is surface roughness which is influenced by mechanical preparation of the surface and electroless nickelcoating process procedure [6] . Recently, much attention is being paid towards composite electroless nickel plating. The properties of composite electroless nickel coatings are often superior to those of basic Ni-P and Ni-B [2] . The functional composite coatings with specific characteristics such as wear, corrosion resistances and/or high hardness can be produced easily by choosing suitable particulate materials. The traditional electroless composite coatings have been prepared by adding micro-meter particles to an electroless bath such as SiC, BN, PTFE, diamond [7] . Newly developed Ni-P alloy coatings have been recently reported by the introduction of a third element such as tungsten to form ternary Ni-P-W [8] [9] [10] [11] . Published data showed that inclusion of tungsten in binary Ni-P deposit positively affects the deposition rate, composition and deposit properties such as hardness, thermal stability, wear, corrosion resistance, and melting point [10] . Compared with electroless Ni-P coatings, incorporation of a third element into Ni-P-based coating, for instance, electroless Ni-W-P coatings, significantly influences the thermal stability and crystallization behavior of the coatings by suppression of Ni 3 P nucleation [11] . Ni-W-P coatings also exhibit higher wear resistance [12] . However, the influence of the addition of W on corrosion resistance has been reported by various researchers. Liu et al. [13] reported that improved corrosion resistance (nondeaerated condition) was found with increasing the W content in electroless Ni-P matrix. It was also reported that the corrosion behavior of the electroless Ni-P plating in 0.5 M H 2 SO 4 solution was improved by addition of W, due to the formation of protective films of W oxides [14] . In addition, Gao et al. [15] reported a comparative study for electroless Ni-P and Ni-W-P coatings, when the coatings were heattreated at 300 • C and 350 • C, respectively, to form a single-Ni nanocrystalline structure, the coatings presented different corrosion performances. The binary Ni-P nanostructure itself was harmful to the corrosion resistance. However, the addition of a third passivation element, W, significantly improved the corrosion resistance of the alloys due to the huge amount of grain boundary diffusion paths provided by the nanostructure, which favored the formation of the dense tungsten oxide film on the surface. It was found that the annealed ternary Ni-W-P alloys had corrosion resistance higher than their amorphous counterpart. Corrosion resistance of an electroless Ni-P-W coating is a function of its chemical composition and postdeposition heat treatment. As corrosion is a deteriorating phenomenon so it is needed to optimize the chemical composition to have a better corrosive property. The studies of the corrosion behaviour of electroless nickel coating are mainly conducted through electrochemical tests, namely, potentiodynamic polarization studies and electrochemical impedance spectroscopy. The resistance of the coatings towards corrosion is evaluated on the basis of the corrosion parameters obtained from these studies, namely, corrosion potential, corrosion current density, charge transfer resistance, double-layer capacitance, corrosion rate, and so forth [16] [17] [18] . The present study deals with the evaluation of corrosion behavior of the Ni-W-P coating, with the help of potentiodynamic polarization tests. The Taguchi method together with grey relational analysis is employed to optimize the process parameters in order to identify the combination of parameters that induce the maximum corrosion resistant properties in the coating. Analysis of variance is employed to observe the level of significance of the factors and their interactions. Finally, validation of the result obtained through the analysis is done with the help of confirmation test. The surface morphology and composition of Ni-W-P coatings are studied with the help of scanning electron microscopy, energy dispersed Xray analysis and X-ray diffraction analysis.
The Taguchi Design Methodology
An attempt has been made in this paper to optimize the corrosion behaviour of chemically deposited Ni-P-W coating using grey-based Taguchi method [19] . The concept of the Taguchi method is to optimize process parameters to achieve high quality with low cost. This technique is widely used in the engineering domain to get the desired performance characteristics by optimizing the design parameters. Taguchi recommends the use of the loss function to measure the quality characteristic. The value of the loss function is further transformed into a statistical measure called signal-to-noise ratio. S/N ratio being the ratio of mean to standard deviation can effectively consider the variation encountered in a set of trials. A larger S/N ratio represents minimization of noise factor, thus a better quality characteristic and the corresponding process parameters are incentive to the variation of environmental conditions and other noise factors. Due to the increasing number of process parameters, a special design of orthogonal arrays is used in the Taguchi method to reduce large number of experiments that need to be carried out.
Grey Relational Analysis
The present problem deals with the evaluation of corrosion characteristics by measuring the electrochemical responses (corrosion current density and corrosion potential). So, this is a complex multivariate problem and cannot be handled by the Taguchi method alone, because higher S/N ratio of one response may corresponds to the lower S/N ratio of the other. So, multiple responses must be converted to single performance index first. This is done by grey relational analysis. The grey system theory was first proposed by Deng in 1989 [20] . If there is no information about the system, it is called a black system; if the full information is available, it is called a white system, and a system with information known partially is called a grey system. The optimization of the process is performed in the following steps.
(a) Performing the grey relational generation in which the results of the experiments are normalized in the range between 0 and 1.
(b) Calculation of the grey relational coefficients from the normalized data to represent the correlation between the desired and actual experimental data.
(c) Calculating the grey relational grade by averaging the grey relational coefficients. The grey relational grade is treated as the overall response of the process instead of the multiple responses of friction and wear.
(d) Performing statistical analysis of variance (ANOVA) for the input parameters with the grey relational grade and find which parameter significantly affects the process performance.
(e) Selecting the optimal levels of process parameters.
(f) Conducting confirmation experiment and verifying the optimal process parameters setting.
Experimental Details
4.1. Coating Deposition. The Ni-P-W coating is deposited on mild steel (AISI 1040) specimen of size 20 mm × 20 mm × 8 mm. Shaping, parting, and milling processes are used accordingly for the preparation of the sample. The sample is then subjected to surface-grinding process. The sample is mechanically cleaned from foreign matters and corrosion products. After that the MS sample is cleaned using distilled water followed by a pickling treatment with dilute (50%) hydrochloric acid for one minute to remove any surface layer formed like rust. Then the sample is rinsed in distilled water and methanol cleaning. A large number of trial experiments are performed before deciding the bath composition. Table 1 indicates the bath composition and the operating conditions for successful coating of Ni-P-W on the mild steel substrate. Nickel sulphate is used as the source of nickel while sodium hypophosphite is the reducing agent. Sodium tungstate solution is used as the source of tungsten ion. The bath is prepared by adding the constituents in appropriate sequence. The pH of the solution is maintained around 7-8 by continuous monitoring with a pH meter. The cleaned samples are activated in palladium chloride solution at a temperature of 55 • C. Activated samples are then submerged into the chemical bath, which is maintained at a temperature between 90-92 • C with the help of a hot plate cum stirrer, attached with a temperature sensor which is also submerged in the solution. The deposition is carried out for a period of 3 hours. The range of coating thickness is found to lie around 25-30 microns. After deposition, the samples are taken out of the bath and cleaned using distilled water. After the coating the samples are heat-treated at different temperatures (400 • C, 500 • C and 600 • C) according to the design of experiment.
Design Factors and Plan of Experiment.
The process parameters are those factors which are varied within a specific range to obtain an optimum combination for desired result of the responses. The present investigation considered four coating process parameters, namely, concentration of nickel source (A), concentration of reducing agent (B), concentration of tungsten source (C),and annealing temperature (D). For each factor, three equally spaced levels are considered. The factors and their levels considered in the present study are shown in Table 2 . Planning an experiment properly is very important in order to organize the experiments in a very systematic way utilizing minimum resources. The Taguchi method uses an OA (orthogonal array) to reduce the number of experiments for determining the optimal process parameters. Orthogonal arrays allow one to compute the total DOF of main and interaction effects via a minimum number of experimental trials. As it is a four-factor three-level experiment, so the total DOF considering the individual factors and their interactions is 20. Here L 27 orthogonal array is chosen as it satisfies all the DOF conditions. The orthogonal array is shown in Table 3 .
Response Variables.
The present study aims to analyze the potentiodynamic polarization characteristics of electroless Ni-P-W coating. Hence, the two popular responses obtained from the Tafel extrapolation method of the polarization curve, that is, corrosion potential (E corr ) and corrosion current density (I corr ), are taken as the response variables for the current study. A nobler (positive) E corr value and a lower I corr value indicate that a particular material has higher corrosion resistance.
Potentiodynamic Test.
The potentiodynamic polarization tests of heat-treated Ni-P-W coatings are carried out using a potentiostat (Gill AC) of ACM Instruments, UK.
The tests are conducted at an ambient temperature of about 25 • C with 3.5% sodium chloride solution as the electrolyte. The electrochemical cell consists of three electrodes. The coated specimen forms the working electrode which is actually the sample being interrogated. A saturated calomel electrode (SCE) forms the reference electrode which provides a stable "reference" against which the applied potential may be accurately measured. A platinum electrode serves as the counter electrode which provides the path for the applied current into the solution. The design of the cell is such that only an area of 1 cm 2 of the coated surface is exposed to the electrolyte. The experimental setup is shown in Figure 1 . A settling time of 15 min is assigned before every experiment in order to stabilize the open circuit potential (OCP). The potentiostat is controlled via a PC which also captures the polarization data. The polarization plot is obtained from the dedicated software, which also possesses a special tool in order to manually extrapolate the values of E corr (corrosion potential) and I corr (corrosion current density) from the plot. A tafel ruler is provided with the associated software to measure the corrosion potential and the corrosion current density. Setting the horizontal ruler at the junction of anodic and cathodic branch the value of corrosion potential is measured and the corrosion current density is obtained by extrapolating the fitting lines of the anodic and cathodic branches of the tafel plot.
Microstructure Study.
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Results and Discussion

Grey Analysis.
Grey analysis is a method which converts the multivariate problem in to a single response problem. As the present investigation deals with two responses, namely, corrosion potential and corrosion current density, so grey analysis is employed to make it a single-response. The experimental values of corrosion potential (E corr ) and corrosion current density (I corr ) obtained from the potentiodynamic tests are given in Table 4 . To convert the multiple responses into a single-performance index called grey relational grade, following set of calculations has been performed.
Normalization of Responses. The first step for generating the grey relational coefficient involves the linear normalization of the experimental results (E corr and I corr )
in the range between 0 and 1. A material will have lower tendency to corrode if the E corr value tends to be positive with a lower value of corrosion current density. As from Table 4 it can be seen that the E corr value is always negative, so higher the better criterion for E corr and lower the better criterion for the I corr is used for normalization.
Expression for higher the better:
.
(1)
Expression for lower the better:
where x i (k) is the value after grey relational generation while min y i (k) and max y i (k) are, respectively, the smallest and largest values of y i (k) for the k th response. The data after grey relational generation is shown in Table 5 .
Generation of Grey Relational Coefficient.
From the normalized value the grey relational coefficient is calculated by applying the equation:
where Δ oi = x o (k) − x i (k) is the difference of the absolute value between x 0 (k) and x i (k), Δ min and Δ max are, respectively, the minimum and maximum values of the absolute differences (Δ 0i ) of all comparing sequences. The grey relational coefficients are calculated for the experimental data using ξ = 0.5. The values are shown in Table 5 .
Generation of Grey Relational
Grade. The overall multiple response characteristics evaluation is based on grey relational grade which is calculated as follows:
where n is the number of process responses. Finally the grades are considered for the optimization of multiresponse parameter design problem. The value of grey relational grade is shown in Table 6 .
Analysis of S/N Ratio.
Taguchi method is used to optimize process parameters to achieve high quality with low cost. Taguchi recommends the use of the loss function to measure the quality characteristic. The value of the loss function is further transformed into a statistical measure called signal-to-noise ratio, where signal means desirable value (mean) and the noise is the undesirable value (SD). A larger S/N ratio represents a better quality characteristic because of the minimization of noise and the corresponding process parameters are incentive to the variation of environmental conditions and other noise factors. The variability can be easily captured if S/N ratio is used to convert the experimental results into a value for the evaluation characteristic in the optimum parameter analysis, instead of the mean. The idea is to maximize the S/N ratio, thereby minimizing the effect of random noise factors, which have a significant impact on the process performance. As the grey 6 ISRN Corrosion relational grade has to be maximized so higher the better criterion is used to calculate the S/N ratio, expressed as:
higher the better = −10 log 1 n
where y is the observed data and n is the number of observations. Since the experimental design is orthogonal, it is then possible to separate out the effect of each coating parameter at different levels. The mean grey relational grade for each level of the factors A-D is summarized in Table 7 .
In addition, the total mean grey relational grade for the 27 experiments is also calculated and listed in Table 7 . All the calculations are performed using Minitab [21] . The response table shows the average of the selected characteristic for each level of the factors. The response table includes ranks based on Delta statistics, which compare the relative magnitude of effects. The Delta statistic is the highest average for each factor minus the lowest average for the same. Ranks are assigned based on Delta values; rank 1 is assigned to the highest Delta value, rank 2 to the second highest Delta value, and so on. The corresponding main effects and interaction effects plots between the process parameters are also shown in Figures 2 and 3 , respectively. In the main effects plot if the line for particular parameter is near horizontal, then the parameter has no significant effect. On the other hand, a parameter for which the line has the highest inclination will have the most significant effect. It is very much clear from the main effects plot that parameter C (concentration of tungsten source solution) is the most significant parameter while parameter D (annealing temperature) also has significant effect. So far as the interaction plots are concerned, estimating an interaction means determining the nonparallelism of parameter effects. Thus, if the lines on the interaction plots are nonparallel, interaction occurs and if the lines cross, strong interactions occur between parameters. From Figure 3 it can be seen that there is strong interaction between the parameters A and C. Thus from the present analysis it is clear that the concentration of tungsten source solution (C) is the most influencing parameter for corrosion characteristics of Ni-P-W coatings. The optimal process parameter combination is the one that yields maximum mean S/N ratio is found to be A3B3C3D3.
Analysis of Variance (ANOVA).
ANOVA is a statistical technique which can provide some important conclusions based on analysis of the experimental data. This method is very useful for revealing the level of significance of the influencing factor(s) or interaction of factors on a particular response. It separates the total variability of the response into contributions of each of the factors and the error. Using Minitab [21] ANOVA is performed to determine which parameter and interaction significantly affect the performance characteristics. Table 8 shows the ANOVA result for potentiodynamic behaviour of EN coatings. ANOVA calculates the F-ratio, which is the ratio between the regression mean square and the mean square error. The Fratio, also called the variance ratio, is the ratio of variance due to the effect of a factor and variance due to the error term. This ratio is used to measure the significance of the parameters under investigation with respect to the variance of all the terms included in the error term at the desired significance level, α. If the calculated value of the F-ratio is higher than the tabulated value of the F-ratio, then the factor is significant at a desired α level. In general, when the F value increases, the significance of the parameter also increases. The ANOVA table shows the percentage contribution of each parameter. It is seen that parameter C, that is, concentration of tungsten source solution, has the most significant influence on potentiodynamic behaviour at the confidence level of 95% within the specific test range. The annealing temperature (D) is also significant at the same confidence level. Among the interactions the interaction of parameters between A and C has significant contribution. This type of analysis is not available in the literature and will be useful for Ni-P-W coating deposition with an objective of optimum corrosion behaviour within the particular range of process parameters.
Validation Test.
After obtaining the optimal level of coating process parameters, the final step is to predict and verify the improvement of the performance characteristic using the optimal level of the process parameters. The estimated grey relational grade, η, using the optimal level of the process parameters can be calculated as:
where η m is the total mean grey relational grade, η i is the mean grey relational grade at the optimal process parameter level and 0 is the number of the main design process parameters that significantly affect the potentiodynamic characteristics of Ni-P-W coating. Table 9 shows the comparison of the estimated grey relational grade with the actual grey relational grade using the optimal parameters. The improvement of grey relational grade from initial to optimal condition is 0.253873, which is about 35% of the mean grey relational grade and is a significant improvement. The polarization curves for the coatings developed at initial condition and at optimal condition are shown in Figure 4 .
Characterization of the
Coating. An X-ray diffraction (XRD) analyzer (Rigaku, Miniflex) is used for identification of compounds in the EN coatings both before and after heat treatment. Figure 5 shows the XRD plots of as deposited and heat treated conditions. From the figure it is evident that as deposited condition the phase is mostly amorphous but there exist a crystalline peak so it may be attributed that the coated surface has a mixture of amorphous and crystalline phase. After heat treatment the some of the peaks are broaden and produce crystalline phase. After heating at 500 • C for 1 hour the major peaks of Ni-W and Ni 3 P are obtained. Energy dispersive X-ray analysis (EDAX Corporation) is performed to determine the composition of the coating in terms of the weight percentages of nickel phosphorous and tungsten. The EDX analysis is done on the coatings developed from the bath consisting of different concentrations of sodium tungstate (tungsten ions) in order to capture the range of tungsten content in the coatings. It is found that the coating consists of 88% nickel, 8% phosphorous, and 4% tungsten. Figure 6 shows the EDX spectra of the coated surface. Figure 7 shows the SEM micrograph of as deposited and heat treated (400 • C, 500 • C, and 600 • C) Ni-P-W coated surface. It is clear that the deposit has globular like shape without any porosity in as deposited condition. When it is heat treated at 500 • C the globules become more compact and produce a dense structure resulting harder deposit. With further heating at 600 • C the size of the globule increases and transformed in to coarse grained structure. Corrosion mechanism of the amorphous electroless Ni-P-W coatings treated by furnace-annealing can be considered as a result of combined effects from porosity, phase constitutes and proportion, residual stress, and grain sizes. However, each factor plays a different role in different cases.
Conclusion
Taguchi orthogonal array coupled with grey relational analysis is employed to find the optimum coating parameter combination for maximum corrosion resistance of electroless Ni-P-W coating. The coating composition is studied by EDX analysis. The microstructural aspects and crystallization behaviour is studied with the help of SEM and XRD analysis. The following conclusions can be drawn based on the experimental results obtained which clearly indicate the possibility of significant improvement of corrosion resistance of electrolessly deposited Ni-P-W alloy coating.
(1) The concentration of tungsten source and annealing temperature has significant influence on the potentiodynamic behaviour of this coating.
(2) The interaction between nickel source and tungsten source has the maximum significance among the interactions.
(3) The corrosion resistance of the coating improves at an annealing temperature higher than 400 • C.
(4) The optimum combination of coating parameters for maximum corrosion resistance is found as: nickel concentration 30 g/L, reducing agent concentration 20 g/L, tungsten concentration 25 g/L, and annealing temperature 600 • C.
